ABSTRACT: Cholesterol is the most abundant molecule in the plasma membrane of mammals. Its distribution across the two membrane leaflets is critical for understanding how cells work. Cholesterol trans-bilayer motion (flip-flop) is a key process influencing its distribution in membranes. Despite extensive investigations, the rate of cholesterol flip-flop and its dependence on the lateral heterogeneity of membranes remain uncertain. In this work, we used atomistic molecular dynamics simulations to sample spontaneous cholesterol flip-flop events in a DPPC:DOPC:cholesterol mixture with heterogeneous lateral distribution of lipids. In addition to an overall flip-flop rate at the time scale of submilliseconds, we identified a significant impact of local environment on flip-flop rate. We discuss the atomistic details of the flip-flop events observed in our simulations.
■ INTRODUCTION
Lipids are distributed unevenly across the two leaflets of the plasma membrane: sphingomyelin and phosphatidylcholine (PC) are mainly located in the extracellular leaflet, whereas phosphatidylethanolamine (PE), phosphatidylserine (PS), and phosphatidylinositol (PI) are confined largely to the cytoplasmic leaflet. 1−3 The uneven lipid distribution has clear biological functions. For instance, the negative charge associated with PS at the cytosolic side is a mechanism for protein sorting to the plasma membrane; exposure of PS to the extracellular side mediated by scramblases is a signal for blood coagulation and removal of apoptotic cells. 3, 4 The asymmetric distribution of lipids is maintained by lipid trans-bilayer motion (flip-flop). In the case of phospholipids, this process is facilitated by ATPdependent flippases (e.g., P-type ATPase) and floppases (e.g., ATP binding cassette transporters). [1] [2] [3] 5 Cholesterol is the most abundant molecule in the plasma membranes of mammals. However, in contrast to phospholipids, experiments based on different techniques revealed controversial results regarding cholesterol distribution across the two leaflets, with the proportion of cholesterol in the outer leaflet ranging from ∼20% to ∼90%. 6 In addition, the physiological significance of cholesterol distribution remains largely unknown, although recent research suggests cholesterol is involved in the Wnt signaling pathway and regulates various cellular processes. 7 Cholesterol flip-flop is a critical process that regulates cholesterol trans-bilayer distribution and modulates the organization of cell membranes. Unlike phospholipids with a slow spontaneous flip-flop on physiological time scales (halftime of hours 8−10 ), trans-bilayer motion of cholesterol is much faster, 11−17 due to their small hydrophilic headgroups, and does not require ATP. Fast cholesterol flip-flop balances the area of two leaflets, thus relaxing the stresses in the bilayers. 12, 18 Despite extensive studies, cholesterol flip-flop rates remain uncertain. The time scales obtained by experiments 12, 13, 15, 19 and molecular dynamics (MD) simulations 11,20−24 range from submilliseconds to minutes. In most current simulations, estimates at the atomistic level are based on free energy calculation, whereas flip-flop rates evaluated by counting spontaneous flipflop events have been only obtained at the coarse-grained level.
In MD simulations, cholesterol flip-flop is faster in bilayers with unsaturated lipids 24, 25 and lower cholesterol concentration, 11, 20 suggesting a significant influence of the membrane composition. The majority of these simulations were conducted in binary mixtures of cholesterol and phospholipids (e.g., DPPC, POPC, and DAPC) that have homogeneous lateral distribution of components. However, increasing evidence suggests that plasma membranes have a heterogeneous lateral organization. 26−29 In this work, we describe atomistic simulations of model membranes with coexisting domains to (1) estimate flip-flop rates based on spontaneous flip-flop events at the atomistic level; (2) assess the dependence of cholesterol flip-flop rate on the local environment in a heterogeneous membrane; and (3) characterize in atomic detail the cholesterol flip-flop process.
■ METHODS Molecular Dynamics Simulations. We conducted molecular dynamics (MD) simulations of a ternary mixture (1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC):1,2-dioleoylsn-glycero-3-phosphocholine (DOPC):cholesterol = 0.35:0.35:0.3, 1152 lipids and 57600 TIP3P water molecules 30 in total) at 290 K (9 μs) and 310 K (5 μs), respectively, using the GROMACS4.6.5 package, 31 the Slipids force field, 32−34 and an integration time step of 2 fs. A cutoff value of 1.0 nm was used to calculate the van der Waals and electrostatic interactions. The PME method 35, 36 was applied to deal with the long-range electrostatic interactions with a tolerance of 10
, Fourier grid spacing of 0.12 nm, and an interpolation order of 4 for the Ewald mesh. We used the v-rescale algorithm 37 and a relaxation time of 1 ps to maintain the temperature of the lipids and solvents at desired values separately. The pressure of the simulation system was maintained at 1 bar using the Parrinello−Rahman barostat 38, 39 with an isothermal compressibility of 4.5 × 10
, semi-isotropic pressure coupling method (the z direction independent from the x and y directions), and a relaxation time of 3 ps. Long-range dispersion corrections for pressure and energy were applied. The LINCS algorithm 40 was used to constrain all covalent bonds in lipids. The initial conformation of the bilayer was constructed using a custom-made software. 41, 42 The initial conformation represents a random mixture; lateral heterogeneity develops over the course of simulation.
Data Analysis. To characterize cholesterol flip-flop, we monitored translocation of cholesterol between the leaflets over the course of the simulation. A cholesterol molecule was considered to be located in one leaflet if its headgroup (the oxygen atom) was at least 0.9 nm away from the bilayer center along the bilayer normal. This cutoff value was based on the cholesterol oxygen atom distribution along the bilayer normal. A successful cholesterol flip-flop event was defined as a translocation from one leaflet to another, followed by lingering in the second leaflet for at least 10 ns. An aborted flip-flop attempt was defined if cholesterol left one leaflet and then came back, followed by residing in the same leaflet for at least 10 ns.
To identify and quantify lateral heterogeneity of the membranes, we calculated average order parameter maps projected on the membrane plane. The order parameter (|S cd |) of lipid tails was found using the following equation:
where θ was the angle between C−H vector and the bilayer normal. The last 0.06 and 0.30 μs trajectories were used to calculate order parameter maps at 310 and 290 K, respectively; different time intervals for averaging reflect different lipid mobilities.
The enrichment value was defined to quantify heterogeneity of the local environment. The enrichment value of lipid A in the local environment of cholesterol, E (A|CHOL) , was defined as a ratio of its local to its bulk concentrations: show the correlation of local heterogeneity of the two leaflets.
Results were compared for the aborted and successful flip-flop attempts and the whole bilayer. Calculation for flip-flopped cholesterol was based on the frames in which cholesterol resided in neither leaflet, and the COMs of cholesterol were used as central points to define the local environment. Calculation for the whole bilayer was based on a grid layout along the membrane plane with a grid spacing of 0.5 nm, using the grid points as central points.
The overall flip-flop rate was calculated by dividing the number of flip-flop events by the total number of cholesterol molecules in the simulation box. To assess the dependence of flip-flop rate on the bilayer lateral heterogeneity, we calculated the flip-flop rate as a function of the enrichment value, by dividing the number of flip-flop events with a specific range of enrichment values by the total number of cholesterol molecules with the same range of enrichment values.
To evaluate cholesterol orientation in the membranes, we used the hidden Markov model (HMM) described in Sodt et al.'s work 43 to assign a specific state (Lo-or Ld-like state) to each lipid, and then calculated the distribution of cholesterol tilt angles in the Lo-and Ld-like states separately. Briefly, the composition of the five nearest lipids of each lipid in the membrane, as well as the lipid itself, was considered as the emission signal and used as input to train the HMM model, and the most probable state of each lipid was determined. We also calculated the average order parameters of phospholipids in the local environment of cholesterol as a function of their tilt angles for the Lo-and Ld-like domains, respectively. Results are compared for all cholesterol and the flip-flopped cholesterol (including both the aborted and successful flip-flop attempts) during their translocation process.
Statistics of flip-flop events discussed below were based on trajectories of the last 4 μs at 310 K and the last 6 μs at 290 K (which allows sufficient time for convergence of lipid segregation, see Supporting Information Figure S1 ) unless otherwise specified. The trajectories were divided in blocks of 1 μs (310 K) and 2 μs (290 K), and the standard error of the mean shown in this work is calculated based on the average of each block. We used Python and MDAnalysis 44 to write the script to do the above analysis. Cholesterol Orientation in Bilayers. Cholesterol tilt angle distributions (relative to the bilayer normal) and the averages are shown in Figure 2A . Smaller tilt angles at lower temperature and in the more ordered (Lo-like) domains suggest the impact of tightly packed lipid tails on cholesterol orientation. We note that the average tilt angles in the two phases are smaller than those in DPPC, DOPC:cholesterol binary mixtures at 323 K in ref 46 , respectively (∼14−17°vs ∼19°for Lo-like domains 46 ), likely due to lower temperatures in this work; other factors, such as differences in the bilayer/domain composition are expected to play a role. We also found correlation between the cholesterol tilt angle and the average order parameter (|S cd |) of its local environment, for both the Lo-and Ld-like domains ( Figure  2B ,C), consistent with Aittoniemi et al.'s work. 46 The average | S cd | values in the local environment of flipped cholesterol are slightly smaller than that of all cholesterol molecules, particularly for the Ld-like domains at 290 K ( Figure 2B,C) . All of these data suggest that cholesterol orientation and flip-flop are sensitive to lipid packing in the local environment.
Cholesterol Flip-Flop Rate. All cholesterol flip-flop events found in the trajectories are listed in Tables S1 and S2. The flipflop rates in this work are at the sub-millisecond time scale (Table 1) Table 1 ). The majority of the flip-flop events take less than 50 ns at both temperatures, with the events at 310 K taking less time on average (Tables S1 and S2 ).
The local environment of flip-flopped cholesterol is enriched in DOPC and depleted of DPPC, compared with that of all cholesterol in the simulation box (see the averages and histograms of lipid enrichment values in Table S3 , Figure 3A , and Figure S2 ). This suggests a preference of the flip-flop event for a local environment with loosely packed lipid tails. For instance, the averages of DOPC enrichment values at 290 K are ∼1.5−1.6 for flip-flopped cholesterol, significantly larger than the corresponding value for all cholesterol (0.96, Table S3 ). The distributions of these enrichment values for flip-flopped cholesterol are shifted to larger values ( Figure 3A) . Similarly, notably smaller DPPC enrichment values are found for the flipflopped cholesterol ( Figure S2 and Table S3 ). As mentioned previously, we calculated the enrichment values of phospholipids around flip-flopped cholesterol molecules for the leaflet they reside in before and after the flip-flop event separately ( Figure 3A , Figure S2 , and Tables S1−S3). The averages and histograms of enrichment values before and after the flip-flop events are consistent. This result indicates that cholesterol prefers a less ordered local environment for moving both out of and into a leaflet. In other words, a cholesterol flip-flop event is more likely if the DOPC-enriched environments are in register in the two leaflets. Figure S3 shows that the majority of both aborted and successful attempts happened in the local environment with overlapping disordered clusters. However, the ratio of uncoupled local environment is higher for the aborted attempts than for the successful events, suggesting that the incompatible ordering of the leaflets is one reason for unsuccessful attempts. 
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Article DPPC enrichment values decrease ( Figure S2 ). The same data analyses reveal flip-flop rates ranging from 0 to ∼2.5 × 10 4 s −1 at 290 K as the local DOPC enrichment values increase, indicating the same influence of local environment on flip-flop rate at both temperatures ( Figure 3B and Figure S2) . A flip-flop rate of 0 simply means that, in DOPC-depleted environment (enrichment value <0.4, Figure 3B ) at 290 K, cholesterol flip-flop is so slow that the simulation time is not enough to sample flip-flop events. The majority of the flip-flop events found in the trajectory occurs in a DOPC-enriched environment (enrichment value >1.2). We conclude that the difference in flip-flop rate with respect to the local environment at 290 K must be larger than at 310 K, but it is not possible to quantify this difference on the time scale of several microseconds. These data indicate that lipids in the first shell of cholesterol have a nonnegligible impact on cholesterol flip-flop rate, regardless of the phase state of the bilayers.
Atomic Details of the Cholesterol Flip-Flop Process. Two-dimensional histograms ( Figure 4A ) of the headgroup position and tilt angle of cholesterol during the translocation process show a wide range of cholesterol orientations as cholesterol moves from one leaflet to another. The cholesterol tilt angle varies all the way between parallel and perpendicular to the bilayer normal, with two peaks in the distribution at ∼150− 180°/0−30°and ∼90°, consistent with Bennett and Tieleman's simulation. 20 Panels B−D of Figure 4 show the cholesterol headgroup position and orientation as a function of simulation time, as well as snapshots of two example flip-flop events, in which the cholesterol assumes different orientations when its headgroup lingers in the bilayer center. Panels B−D of Figure 4 reveal two parameters in the cholesterol flip-flop process: (1) adjustment of the cholesterol orientation and (2) translocation of the headgroup to another leaflet. Parisio and co-workers calculated a two-dimensional free energy landscape of cholesterol flip-flop as a function of tilt angle and headgroup position using an implicit membrane model and constructed a kinetic model for the flip-flop process. 21 They categorize the flipflop according to two pathways based on how the hydrophilic headgroup moves to the bilayer center: by rotation or translation. In pathway 1, the cholesterol headgroup moves to the bilayer center by rotation of the molecular axis before it crosses the bilayer midplane. In pathway 2, a cholesterol translocates to the other leaflet first before it reverts the headgroup−tail orientation. When the cholesterol headgroup resides in a bilayer center, its molecular axis is perpendicular or parallel to the membrane normal for pathways 1 and 2, respectively. The observed flip-flop events in our simulations ( Figure 4B ) agree with this model, with the added detail of allatom lipids. (Table 1) ; cholesterol flip-flop is >7 times faster in a DOPC-enriched local environment, compared with the DOPC depleted local environment (Figure 3, Figures S2 and S3) . Earlier simulations also showed that lower cholesterol concentration 11, 20 and polyunsaturated lipids 24,25 facilitated cholesterol flip-flop. For instance, the flip-flop rate in DAPC was ∼10−1000 times higher than in POPC and DPPC bilayers; 20, 24 increasing the cholesterol concentration in DPPC membrane from 0 to 40% (probably leading to a phase transition from Lα to Lo phase) reduced the flip-flop rate by ∼1000 times. 47 Recent neutron scattering research 48 also found a systematic decrease of cholesterol flip-flop rate with increasing saturation of the lipid tails in bilayers, albeit at a significantly longer flip-flop half-time (ranges from tens to hundreds of minutes), which is notably different from the time scale obtained by simulations and some other experiments. 49−51 In addition, simulations in both this work and literature revealed larger cholesterol tilt angles in membranes with lower rigidity/order (compare Figure 2A and Jo et al. 24 and Marrink et al.'s 25 work, where cholesterol tilt angle was calculated in bilayers with varying degrees of unsaturation). We also found a strong correlation between cholesterol tilt angle and the order parameter of its local environment, consistent with Aitonnemi et al.'s work. 46 Based on these observations, we propose that less ordered domains/clusters apply less restriction on cholesterol orientation in bilayer and, therefore, allow larger tilt angle fluctuation and more flexible cholesterol orientation, which may facilitate cholesterol flip-flop.
The main finding of our simulations is that the local environment (specifically the first coordination shell of lipids) has a significant influence on cholesterol flip-flop rate, regardless of whether the membrane exhibits a stable phase separation or not ( Figure 3B ). The effect of local environment on flip-flop rate is as significant as the changes in temperature (∼10 times difference between 310 and 290 K, >7 times difference in DOPC-enriched and depleted environments). Lipid lateral organization in the plasma membrane is likely heterogeneous, whether lipid rafts exist or not; 52 therefore, flip-flop rates in domains with different order may differ dramatically. As both moving out of and into a leaflet is facilitated in less ordered local environments, flip-flop might be promoted in bilayers with registered Ld domains and is likely to be much slower in bilayers with antiregistered domains. 53 This effect should be more pronounced in bilayers with significant difference in order of coexisting domains. It is in debate whether cholesterol flip-flop promotes domain registration in phase separated membranes. 54−56 In addition, it is believed that the extracellular leaflet is more rigid than the cytosolic leaflet as the outer leaflet is more enriched in saturated lipid tails. 6, 57 If this is the case, the outer leaflet puts a limit on flip-flop rate, as overlap of disordered domains is essential for fast flip-flop ( Figure S3 ). Another
Article biological consequence is that flip-flop rates in cells with different plasma membrane composition may differ. Submillisecond time scale of passive cholesterol flip-flop implies that the distribution of cholesterol in the two leaflets reaches equilibrium quickly. 11 Therefore, cholesterol flip-flop can be a mechanism that balances the area and stress of the two leaflets.
■ CONCLUSION
We estimated cholesterol flip-flop rate by counting spontaneous flip-flop events in a ternary mixture in atomistic simulations. The flip-flop rate lies on the (sub)millisecond time scale; fast cholesterol flip-flop thus allows quick equilibration of its distribution in the two leaflets of the plasma membrane. We found cholesterol flip-flop rate depends strongly on the local environment. The more disordered DOPC-enriched environment increases flip-flop rate by an order of magnitude, compared to the DPPC-enriched environment. We also described the atomic details of cholesterol flip-flop process and found a varying cholesterol orientation in the bilayer center. 
